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Second harmonic generation is demonstrated for the first 
time in AlGaAs-on-insulator waveguides at telecom 
wavelengths. Using this material platform a maximum 
internal normalised efficiency of 1202±55%W-1cm-2 is 
achieved for a 100fs pulsed excitation wavelength at 
1560nm. This finding is important towards enabling new 
chip-scale devices for sensing, metrology and quantum 
optics. 
Aluminium Gallium Arsenide (AlGaAs) has long been regarded a 
very effective material for non-linear optical applications. It has 
been termed the "silicon of nonlinear optics" [1] thanks to its strong 
second- and third-order non-linear coefficients. Moreover, its 
bandgap can be easily increased to values above 1.3 eV by varying 
the percentage of Aluminium, making AlGaAs transparent to 
wavelengths down to 0.7μm. This effect allows to mitigate the 
detrimental impact of two-photon absorption at 
telecommunication wavelengths, typically hindering the use of 
silicon-based devices for these applications [2].  
 AlGaAs waveguides are predominantly grown on their native 
GaAs substrate to ensure the epitaxial growth of high quality 
heterosturctures. However, one major drawback of GaAs/AlGaAs 
waveguides lies in the relatively low modal confinement in the 
vertical direction, which limits the ease by which phase matching or 
dispersion engineering can be obtained,  often resulting in designs 
with high propagation losses [3,4]. Recently, the integration of an 
AlGaAs core on a silica cladding layer, i.e. AlGaAs on Insulator or 
AlGaAs-OI, has proven to be a very promising approach to expand 
the capabilities of integrated nonlinear optics in AlGaAs waveguides 
as it combines the superior non-linear properties of AlGaAs with the 
strong modal confinement offered by a high index-contrast 
waveguide [5,6].  
 AlGaAs boasts one of the highest second-order nonlinear 
coefficients among the optical materials and is therefore ideally 
suited for integrated frequency conversion applications such as 
second harmonic generation (SHG) [7,8]. SHG is essential for the 
generation of visible and UV light from commonly available laser 
sources in the near infrared (NIR) [9] and finds numerous 
applications in  areas  such as, gas sensing [10], metrology [11], and 
time-resolved spectroscopy [12]. Moreover, efficient second 
harmonic generation is of particular importance in the context of 
energy-time entangled photon pair generation, i.e. when the inverse 
process of spontaneous parametric down-conversion is driven at 
the second harmonic wavelength [13] . 
 
 
Fig. 1. Phase matching in AlGaAs-OI: (a) Diagram of the waveguide 
cross-section and the corresponding total electric field intensity of the 
two modes used for the SHG experiment, where z is the propagation axis 
into the page (Fundamental Frequency - FF=1560nm, Second 
Harmonic - SH=780nm) (b) Simulation showing the dimensions of 
waveguides that provide phase matching (PM) between TE00FF and 
TM00SH (blue line). The white area of the graph corresponds to the 
single-mode regime of the waveguide at the FF wavelength, i.e. only 
TE00FF propagates. The grey area is defined as the multi-mode region of 
the waveguide, i.e. when higher order modes at the FF wavelength 
propagate. At the SH frequency the waveguide is multimode for all 
waveguide dimensions. All simulations were conducted using the Finite 
Difference Eigenmode Solver (FDE) from Lumerical Inc.   
  
 In this letter, we report on the SHG of telecom wavelength laser 
pulses in an AlGaAs-OI waveguide reaching an internal normalised 
efficiency of 1202±55%W-1cm-2. Since AlGaAs lacks natural 
birefringence, modal birefringence was employed to guarantee the 
momentum conservation of participating optical fields, required for 
efficient frequency conversion.   
 We designed a waveguide so that it satisfies the phase matching 
(PM) condition for the generation of the second harmonic: 
2𝛽TE00(𝜔𝐹𝐹) = 𝛽TM00(2𝜔𝐹𝐹), where 𝛽 is the propagation 
constant in the waveguide and 𝜔𝐹𝐹 is the pump laser’s fundamental 
frequency (FF). Particularly, we considered the PM between the 
fundamental transverse electric TE00FF mode at the pump 
wavelength 1560nm, and the fundamental transverse magnetic 
mode TM00SH at the second harmonic wavelength 780nm. The 
channel waveguides were comprised of an Al0.27Ga0.73As core, with 
a Hydrogen silsesquioxane (HSQ, Dow Corning FOX-15) upper and 
lower cladding, as shown by the waveguide cross-section Fig. 1(a). 
Upon thermal processing, the HSQ structure becomes a SiO2-like 
matrix with a refractive index n~1.39 at 1560nm (verified with 
ellipsometry), making it ideal for applications at both telecom and 
visible wavelengths [14,15]. Since a change in the waveguide width 
and height affect the TE00FF and TM00SH mode dispersion 
differently, by acting on the two dimensions we found a solution for 
the phase matching that involves only single mode propagation at 
1560nm. To this end a waveguide thickness of 100nm was chosen, 
and different waveguides with widths ranging from 600 to 900nm 
were fabricated to guarantee phase matching, as shown in Fig. 1(b). 
   
Fig. 2.  AlGaAs-OI device images: (a) Optical image of an AlGaAs chip 
bonded to a Silicon handling sample following substrate and etch stop 
removal. (b) Scanning Electron Microscope (SEM) image of the cross 
section of the final AlGaAs-OI waveguide. The average thickness of the 
waveguide cross-section was measured from the SEM image to be 
100.3±1.9nm. The uncertainty in this measurement is predominately 
dominated by the pixel resolution (1.2nm/pixel), however the standard 
error in thickness across the width of the waveguide cross-section has 
also been taken into account. 
  
 To fabricate the AlGaAs-OI material platform, HSQ was first 
spun onto a GaAs-AlGaAs wafer grown via Metal Organic Chemical 
Vapour Deposition (MOCVD). 3μm of Plasma Enhanced Chemical 
Vapour Deposition (PECVD) Silica was then deposited on the wafer. 
These layers act as the Buried oxide (BOX) layer of the final device, 
thus minimising modal leakage to the Silicon handling substrate. 
Adhesive sample bonding using Benzocyclobutane (BCB) was 
subsequently employed to bond the GaAs-AlGaAs with the BOX 
layer to the Silicon substrate.  Pressure was then applied to the 
samples whilst the BCB was cured at 250°C on a hotplate. Following 
sample bonding, the GaAs substrate and InGaP etch stops of the 
GaAs-AlGaAs sample were removed using Citric Acid/Hydrogen 
peroxide (4:1 volumetric ratio) and HCL acid respectively. This 
results in the final AlGaAs-OI chip shown in Fig. 2(a). From this 
platform waveguides were fabricated using Electron Beam 
lithography to pattern a HSQ hard mask. A SiCl4/Ar/N2 Inductively 
Coupled Plasma (ICP) dry etch then transferred this pattern to the 
AlGaAs before the waveguides were clad in HSQ. A cross section of 
the final device is shown in Fig. 2(b).  
 In order to demonstrate and characterize SHG in the AlGaAs-OI 
waveguides a laser source providing pulses with 100fs duration 
and repetition rate of 80MHz at a centre wavelength of 1560nm 
was used. The use of femtosecond pulses for SHG, is of particular 
importance for the ultrafast optical signal processing [16] , in 
addition to ultrashort pulse measurement [17] and generation 
[18,19].  
 This light was end fire coupled in and out of the AlGaAs-OI 
waveguides via 40X (NA=0.65) microscope objectives. A 
combination of low and high pass filters at the output were then 
used to reject the pump wavelength, before the second harmonic 
power was measured using a calibrated Silicon biased 
photodetector. To calculate the average internal power within the 
waveguide of both the fundamental frequency (FF) and the second 
harmonic (SH), propagation losses, end facet reflectivity and 
coupling losses were taken into account. Using the Fabry-Perot loss 
measurement technique [20], the linear propagation loss at the FF 
was found to be 14.1±0.3dB/cm. The average coupling loss was 
~13.3dB per waveguide facet with reflectivity accounting for 
approximately 1.4dB of this loss at the FF and 1.6dB at the SH. 
Taking into consideration these factors, we computed the 
normalised internal efficiency Γ: 
  𝜞 =
𝑷𝐒𝐇
𝑷𝐅𝐅
𝟐 𝑳𝟐
   (1) 
Where PSH and PFF are the average internal power of the 
fundamental frequency and second harmonic respectively and, L, is 
the length of the waveguide. Values are commonly quoted in units 
of %W-1cm-2.  
 As expected, a clear dependence in the frequency conversion 
efficiency relative to the waveguide width was observed, 
demonstrating the effects of phase matching and mismatch, see 
Fig.3(a).  A peak in the normalised internal efficiency was found for 
waveguide widths from 700 to 780nm. When fabrication tolerances 
are taken into consideration, this result is in good agreement with 
the phase matching condition outlined in Fig 1(a), thus confirming 
phase-matched frequency conversion with AlGaAs-OI for the FF 
wavelength of 1560nm. 
 During the final etch stop removal with HCL acid, the average 
RMS roughness of the waveguide’s top surface, i.e. the surface of the 
AlGaAs layer in Fig.2(a), increased from 0.33nm to 1.10nm (as 
verified with atomic force microscopy). Since the PM is particularly 
sensitive to a change in waveguide thickness, see Fig 1(b), this 
increased surface roughness allows for a wider range of waveguide 
widths to satisfy the phase matching condition. In turn, this non-
uniform thickness along the propagation length of the waveguide 
resulted in a reduced normalised conversion efficiency.  
 The high surface roughness was also responsible for a 
significant increase in propagation losses of frequencies in the SH 
band because the electric field amplitude of the TM00SH mode is 
greatest at the top and bottom interface of the waveguide (see Fig 
1(a)). Since scattering losses scale with the square of both the modal 
field at the interface and surface roughness (Payne and Lacey 
Model, see [21,22]), there is a significant increase in scattering loss 
for this mode. Nonlinear losses can be disregarded in this case as 
applying the scaling laws for multi-photon absorption [23] to 
measured values, gives a two photon absorption coefficient of 
αTPA≈0.164cmGW-1 [24], and a three photon absorption coefficient 
of  α3PA≈0.055cm3GW-2 [25,26] for Al0.27Ga0.73As at the FF. As a result 
of these low coefficients, and low intensity of the SH, nonlinear 
absorption is deemed negligible at both the FF and SH [25]. In sight 
of this discussion, it was concluded that surface state absorption 
[27] and scattering were the dominant loss mechanisms for these 
waveguides, resulting in propagation losses at 780nm comparable 
to those reported in previous studies on AlGaAs  i.e. 200-300dB/cm  
[28–30]. Since high propagation losses decrease the efficiency of the 
device, the waveguide length was reduced in order to maximise the 
output SH power. 
 
 
Fig. 3.  AlGaAs-OI SHG: (a) Graph showing the phase matching condition 
for 1.653mm long waveguides of various widths. Average internal FF 
power=5.1±0.5mW. (b) Logarithmic graph of the average internal FF 
and SH power of a 700nm wide waveguide of length, L. The gradients of 
the solid line fits are as follows: 1.89±0.04 (Blue), 1.71±0.02 (Green), 
2.13±0.17 (Red). The gradient of the dashed lines are: 0.43±0.07 
(Green), 0.36±0.06 (Red).  
 
 Another advantage of reducing the waveguide length was the 
suppression of χ(3) effects such as self-phase modulation (SPM), 
which are known to reduce the efficiency of SHG [31]. For low input 
FF powers, the SH response of the waveguide was found to be 
quadratic. On a logarithmic scale this gave a gradient of ~2, thus 
confirming the presence of SHG, see Fig.3(b).  As the input power 
was increased further, third-order effects induced a saturation of 
the SH power. By reducing the length of the waveguide, the third 
orders effects, which accumulate along the propagation, were 
drastically reduced and the threshold for SH saturation increased, 
as clear from Fig. 3(b). For a waveguide length of 1.653mm, no 
saturation of the SH was observed up to an average internal FF 
power of ~3.9mW (peak power ~488W), thus confirming 
successful repression of  χ(3) effects within the waveguide. 
Since χ(3) nonlinearities cause the phase matching 
condition for SHG to be intensity dependant, the normalised 
efficiency will oscillate with both the FF intensity and waveguide 
length [31]. As a result, the maximum in normalised efficiency was 
not obtained for the shortest waveguide length but instead for a 
2.689mm long waveguide. For a waveguide width of 740nm, a 
maximum internal normalised efficiency of 1202±55%W-1cm-2 was 
measured (see Fig. 4.). As the input power was increased for this 
waveguide, χ(3) effects resulted in a decrease in efficiency. Effects 
such as second harmonic generation cross-phase modulation (SHG-
XPM) and Induced phase modulation (IPM), also resulted in clear 
broadening and modulation of the SH spectra [32,33] –see Fig.5. 
Since the input pulse spectra spanned from 1485-1620nm, 
variation in the height of the waveguide also contributed to the 
broadening of the output SH spectra owing to the phase matching 
condition being satisfied over a wider range of wavelengths.  
 
 
Fig. 4.   AlGaAs-OI Normalised Efficiency:  Graph of normalised efficiency 
against average internal FF power of a 740nm wide waveguide 
(waveguide length= 2.689mm) 
Fig. 5.   AlGaAs-OI SH Spectra: Measurement of the output SH spectra of 
a 740nm wide waveguide (waveguide length= 2.689mm). Average 
internal FF power=5.6±0.1mW. Red inset shows the input laser pulse 
spectrum. 
  
 The obtained efficiency is comparable to the highest recorded 
efficiencies for an AlGaAs based material at telecom wavelengths 
[34], and this result is the first demonstration of SH generation in an 
AlGaAs-OI chip. Taking into account the group velocity mismatch 
between the FF and SH mode, and the fact that less than half of the 
FF spectrum is utilized in the conversion process (Fig.5.), the 
calculated normalised efficiency is expected to be far greater than 
that obtained [35]. The AlGaAs-OI platform also opens up the 
prospect for further improvement of the SH efficiency through 
cavity enhancement from a microring resonator [36], making it an 
ideal platform for SHG.   
 In conclusion we have demonstrated for the first time the use of 
AlGaAs-OI for SHG at telecom wavelengths. Using this platform an 
efficiency of 1202±55%W-1cm-2 was obtained. Currently 
propagation losses are the main limiting factor of this material 
platform. However, with further optimization of the fabrication 
process, particularly in obtaining a uniform thickness with low 
surface roughness [37], or passivation of the top surface, a 
significant improvement in efficiency can be expected. We speculate 
that the SH efficiency could be enhanced further, through cavity 
enhancement from a microring resonator [36] and increase in the 
temporal and spatial overlap between the FF and SH signals [38,39].  
AlGaAs-OI is thus a very promising material platform for 
wavelength conversion applications such as SH generation and for 
applications that require both χ(2) and χ(3) effects on a single compact 
integrated chip.  
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